NOD-like receptors (NLRs) and caspase-1 are critical components of innate immunity, yet their over-activation has been linked to a long list of microbial and inflammatory diseases, including anthrax. The Bacillus anthracis lethal toxin (LT) has been shown to activate the NLR Nalp1b and caspase-1 and to induce many symptoms of the anthrax disease in susceptible murine strains. In this study we tested whether it is possible to prevent LT-mediated disease by pharmacological inhibition of caspase-1. We found that caspase-1 and proteasome inhibitors blocked LT-mediated caspase-1 activation and cytolysis of LT-sensitive (Fischer and Brown-Norway) rat macrophages. The proteasome inhibitor NPI-0052 also prevented disease progression and death in susceptible Fischer rats and increased survival in BALB/c mice after LT challenge. In addition, NPI-0052 blocked rapid disease progression and death in susceptible Fischer rats and BALB/c mice challenged with LT. In contrast, Lewis rats, which harbor LT-resistant macrophages, showed no signs of caspase-1 activation after LT injection and did not exhibit rapid disease progression. Taken together, our findings indicate that caspase-1 activation is critical for rapid disease progression in rodents challenged with LT. Our studies indicate that pharmacological inhibition of NLR signaling and caspase-1 can be used to treat inflammatory diseases.
Innate immunity plays a critical role in controlling microbial infections. Activation of the inflammasome, an integral part of the innate immune response, has been linked to cell death and morbidity triggered by Salmonella, Francisella, Listeria, and Staphylococcus. [1] [2] [3] The inflammasome has also been linked to macrophage killing triggered by lethal toxin (LT), a major virulence factor released by the Gram-positive bacterium Bacillus anthracis. 4 -8 In fact, when injected into small animals, LT alone is sufficient to reproduce the majority of the symptoms of the anthrax disease. Small molecule inhibitors of LT have been shown to enhance survival of rodents challenged with B. anthracis. 9, 10 The NOD-like receptor (NLR) Nalp1b controls LT susceptibility in murine macrophages. 4, 11 Nalp1b is highly polymorphic in mice, and macrophages from strains expressing a dominant allele of Nalp1b are susceptible to rapid necrosis after LT exposure. 4, 12, 13 Conversely, murine macrophages expressing a recessive Nalp1b allele undergo slow, caspase-1 independent apoptosis in response to LT challenge. 6 , 13 We have shown that stimulation of the Nalp1b inflammasome by LT results in caspase-1 activation in susceptible murine macrophages. 6, 14, 15 Moreover, caspase-1 activation in these cells is essential for LT killing. 4, 7, 13, 16 We also demonstrated that LT-mediated caspase-1 activation and subsequent necrosis in susceptible murine macrophages are controlled by proteasome activity. [5] [6] [7] 17 In fact, proteasome inhibitors are the most efficient inhibitors of LT/caspase-1-mediated macrophage killing identified. [5] [6] [7] 17, 18 As observed in mice, the susceptibility to LT in rats is strain-dependent. Rats are divided into susceptible strains that are rapidly killed after LT challenge, and strains that are resistant to rapid disease progression. 19 In contrast to mice, however, the in vivo LT susceptibility of rat strains closely mimics the in vitro susceptibility of their corresponding macrophages. 19 Backcrossing experiments using susceptible and resistant rat strains suggest that the (in vivo and in vitro) LT susceptibility in rats is controlled by a single dominant gene. 19 After LT administration, rats develop pulmonary edema, and die from a vascular collapse, a hallmark of human anthrax. 20 -22 Due to greater similarities with human anthrax, the rat model of LT-induced disease may be superior to the murine model.
We hypothesized that macrophage killing and cytokine release are critical events in the death of susceptible rats. Due to the correlation in rats between in vivo and in vitro LT susceptibility, we proposed that LT-mediated macrophage killing controls the rapid disease progression seen in susceptible rats. Due to the correlation between the murine and rat systems, we hypothesized that the single dominant gene controlling rat susceptibility is the rat homologue to murine Nalp1b. If true, caspase-1 activation would also control macrophage killing. We found that caspase-1 and proteasome inhibitors prevented caspase-1 activation and macrophage cytolysis mediated by LT. Furthermore, the proteasome inhibitor NPI-0052 prevented disease progression and mortality in LT-treated susceptible rats. Proteasome inhibitors also increased survival in BALB/c mice challenged with LT. Taken together, we demonstrated that caspase-1 activation not only controls macrophage killing, but also disease progression in susceptible rats challenged with LT. Our findings suggest that drugs controlling the inflammasome and caspase-1 are potential therapeutics for inflammatory diseases mediated by microbial pathogens.
Materials and Methods

Animals, Cell Culture, and Reagents
Male Fischer (F344), Brown-Norway (BN), Lewis (LEW), and Wistar (WKY) rats (200 to 300 g) were obtained from Taconic Farms (Hudson, NY). Female BALB/c mice (6 to 8 weeks old) were obtained from the National Cancer Institute (Bethesda, MD). Boc-D-CMK and MG132 were obtained from Calbiochem (San Diego, CA). Salinosporamide-A (NPI-0052) and bortezomib (Velcade) were generous gifts from Nereus Pharmaceuticals (San Diego, CA) and Millenium Pharmaceuticals (Cambridge, MA), respectively. Tumor necrosis factor-␣, Camptothecin, and cycloheximide were purchased from Biovision (Mountainview, CA). Endotoxin-free recombinant lethal factor (LF) and protective antigen (PA) were kindly provided by the Northeast Biodefense Protein Expression Core (Albany, NY).
Generation of Rat Bone Marrow-Derived Macrophages
Rat bone marrow-derived macrophages (BMMs) were generated as previously described. 23, 24 Bone marrow cells were flushed from femora and tibiae of F344, LEW, BN, and WKY rats. Cells were differentiated into macrophages by incubation for 7 days in Dulbecco's modified Eagle's medium supplemented with 20% conditioned medium from a confluent culture of L929 fibroblasts as a source of CSF-1. After removal of nonadherent cells, macrophages were recovered by washing plates with cold PBS containing 5 mmol/L EDTA. BMMs were uniformly positive for ED1 (AbD Serotec, Raleigh, NC) staining.
Cell Death and Caspase Activation Assays
Cell viability was analyzed by the water-soluble tetrazolium (WST) assay, as described previously. 15 Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling and propidium iodide exclusion assays were performed as previously described. 25, 26 For analysis of caspase-1 activation, we used a fluorescent caspase-1 activity assay, FLICA, from Immunochemistry Technologies (Bloomington, MN). The assay was performed in 96-well plates, with 8 ϫ 10 4 cells/well. Cells were incubated with LT and/or inhibitors, and stained in complete media with FLICA reagent (FAM-YVAD-FMK) for 2 hours. Cells were washed five times in PBS containing 10% fetal bovine serum, and fluorescence was measured on a Perkin Elmer Victor 3 multititer plate reader. For analysis of caspase-3 activation, we used a colorimetric caspase-3 assay as recommended by the manufacturer, R&D Systems (Minneapolis, MN). Electron microscopy was performed as described previously. 27 
Western Blotting
Western blotting was performed as previously described. 6 Membranes were probed with a polyclonal antibody to MEK-3 (Santa Cruz Biotechnology, Santa Cruz, CA; number Sc-960), monoclonal antibody to actin (Ac-40: Sigma, St. Louis, MO), and polyclonal antibody to rat interleukin (IL)-18 (MAB521; R&D Systems) at dilutions of 1:500. Polyclonal horseradish peroxidase-conjugated antibodies to rat and mouse immunoglobulins (Sc-2313 and 2314; Santa Cruz Biotechnology) were used as the secondary antibodies, and blots were developed by using Luminol Enhancer Substrate (Fisher Scientific, Pittsburgh, PA).
In Vivo Experiments
Rats were injected intravenously with 150 g/kg of LT or PBS. LT was prepared by diluting PA and LF in sterile PBS in a 4:1 ratio (PA:LF). Alternately, rats were injected with PBS only. Bortezomib and NPI-0052 were injected intravenously 60 minutes before LT injections. Bortezomib was dosed at 1 mg/kg, and infused in a solution of 0.35 mg/ml in physiological saline. NPI-0052 was dosed at 0.2 mg/kg and infused in a solution of 0.1 mg/ml in 5% Solutol (BASF Aktiengesellschaft, Germany). The final NPI-0052 solution contained 1% DMSO. In experiments using NPI-0052, control animals and rats treated with LT-only received injections of the NPI-0052 vehicle solution 60 minutes before LT injection. Blood collections were made by puncture of the inferior vena cava. In rat survival assays, animals were monitored continuously for up to 4 hours post-LT injection. Surviving rats were sacrificed at 4 hours post-LT or PBS injection. Histopathological studies were performed as previously described. 28 
Cytokine Multiplex Assay
Rats were IV-injected with LT, NPI-0052, or both, and blood was collected as described above. Blood was kept on ice for 30 minutes to allow clotting, and then centrifuged at 4°C to separate the serum fraction. Sera were stored at Ϫ80°C, and submitted to the Albert Einstein College of Medicine Hormone Assay Core facility. The multiplex assay (RCYTO-80K-PMX24) was performed according to the manufacturer's instructions (Millipore, Billerica, MA).
Analysis of Splenic Macrophages
Rat spleens were harvested immediately after sacrifice, and splenocytes were obtained via mechanical disruption and passage through a 70-m cell strainer. Red blood cells were eliminated with RBC lysis buffer (Sigma). For each staining condition, 10 6 cells were resuspended in PBS and stained with the violet LIVE/DEAD viability dye (Molecular Probes, Eugene, OR) according to the manufacturer's protocol. Cells were washed and resuspended in flow cytometry buffer (PBS, 2% fetal bovine serum, 0.05% NaN 3 ). Fc receptors were blocked with anti-rat CD32 (clone D34-485; BD Pharmingen, Carlsbad, CA). Surface markers were stained with Alexa Fluor 488-conjugated anti-CD3 and phosphatidylethanolamine-conjugated anti-CD11b/c (clones 1F4 and OX-42; Biolegend, San Diego, CA). After staining, cells were fixed with 4% paraformaldehyde in PBS, permeabilized with flow cytometry buffer containing 0.1% saponin, and stained with Alexa Fluor 647-conjugated anti-CD68 (clone ED1; AbD Serotec, Raleigh, NC). Cells were acquired on an LSRII flow cytometer (BD Biosciences, Palo Alto, CA), and analyzed by using FlowJo software (Tree Star, Ashland, OR).
Statistical Methods
Multiple comparisons of non-normally distributed data were performed by using the Kruskal-Wallis test followed by the Dunn's multiple comparison test. For normally distributed data, comparisons were performed by using analysis of variance followed by the Student-NewmanKeuls test. Survival differences were calculated by using the Kaplan-Meier statistic. Statistics were performed with GraphPad Software (La Jolla, CA). P values Ͻ0.05 were considered significant.
Results
LT killing of murine macrophages is strain-specific and dependent on activation of the inflammatory proteins Nalp1b and caspase-1. 4,29 -31 Recent studies have indicated that LT susceptibility of rat macrophages is also strain-dependent and controlled by a single, dominant gene, potentially the rat homologue of murine Nalp1b. 19 Based on the similar LT susceptibility pattern of murine and rat macrophages, we predicted that LT killing of susceptible rat macrophages was also caspase-1-dependent. Genetic backcrossing experiments in rats further suggested that a dominant gene not only controlled LT killing in vitro, but also LT-mediated disease progression. 19 This in vitro and in vivo correlation in rats is clearly distinct from the murine system, where in vitro and in vivo LT susceptibilities do not correlate. 30, 31 Based on these studies, we hypothesized that a dominant gene controls macrophage killing as well as vascular collapse in rats challenged with LT. To test this hypothesis we initially determined whether the inflammatory proteincaspase-1 controlled macrophage killing of susceptible rat macrophages. Based on the in vitro and in vivo correlation in rats, we further investigated whether inhibition of caspase-1 could prevent macrophage killing and disease in LT-treated rats.
LT Triggers Caspase-1-Mediated Cytolysis in F344 Rat Macrophages
To determine whether LT activates the inflammatory caspase-1 in susceptible rat macrophages, we generated primary BMMs from susceptible and resistant rat strains. BMMs responded to a cytotoxic dose of LT (250 and 500 ng/ml of LF and PA, respectively) 27 in a straindependent fashion. F344 and BN-derived macrophages were rapidly killed within 2 to 4 hours by LT, whereas LEW and WKY BMMs were resistant to rapid LT-induced cytolysis ( Figure 1A , and Supplemental Figure 1 , C and D, at http://ajp.amjpathol.org).
Next we tested whether LT killing of susceptible rat macrophages was caspase-1-dependent. The caspase-1 inhibitor Boc-D-CMK blocked caspase-1 activation and cytolysis of LT-treated F344 macrophages ( Figure 1 , B and C) indicating that caspase-1 activation was required for LT killing of susceptible rat BMMs. Consistent with caspase-1-dependence, 6, 12 we detected significant processing of the caspase-1 substrates IL-18 and IL-1␤ in the lysates of F344 BMMs after LT exposure ( Figure 1D and Supplemental Figure 1B at http://ajp.amjpathol.org). Caspase-1 activation in LT-treated F344 BMMs was further confirmed by using the fluorogenic activated caspase-1 specific stain, FLICA ( Figure 1C ). As caspase-1-mediated cell death has been linked to necrosis induction, 5 ,32-35 we tested for necrotic markers in LT-treated F344 macrophages. These showed several morphological features consistent with necrosis, in-cluding membrane impairment (as measured by propidium iodide uptake; Figure 1B) , loss of organelle, and plasma membrane integrity (as measured by electron microscopy; Figure 1E ).
Although LEW macrophages were resistant to rapid cytolysis after LT exposure, these cells still died 48 to 72 hours post-LT exposure and showed a similar LT-dose response as F344 macrophages ( Figures 1A and 2A) . Similar results were obtained with WKY macrophages (Supplemental Figure 1C at http://ajp.amjpathol.org). Although LT did not activate caspase-1 in LEW BMMs, it triggered caspase-3 activation and a terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling signal consistent with apoptosis induction in these cells (Supplemental Figure 1E at http://ajp.amjpathol.org). Of note, we found that caspase-3 was not activated in LTtreated in F344 BMMs (Figure 2 , B and C). Collectively our findings indicate that LT triggers caspase-1-mediated necrosis, also termed pyroptosis, 5 in "susceptible" F344 rat macrophages, and slow cell death in LEW and WKY macrophages.
Proteasome Inhibitors Block LT Killing of Susceptible Rat Macrophages by Preventing Caspase-1 Activation
We have provided evidence that the LT susceptibility of F344 (and BN) macrophages is controlled by the inflammatory protein caspase-1. As the LT susceptibilities of rat macrophages to LT correlates to in vivo susceptibilities, we then tested whether blocking caspase-1 not only prevents LT killing of susceptible rat macrophages, but also prevents disease progression in susceptible rats challenged with LT. To determine the contribution of caspase-1 activation to disease progression in vivo, we set out to block caspase-1 activation in susceptible F344 rats challenged with LT. Caspase-1 inhibitors, however, are poor choices to block caspase-1 activation in vivo, due to their poor solubility and high cytotoxicity. As an alternative approach, we focused on proteasome inhibitors, which efficiently block LT killing of murine macrophages, 7, 15, 36 and which have been used in vivo. [37] [38] [39] [40] Consistent with findings in murine macrophages, we found that the proteasome inhibitor MG132 blocked LT killing of susceptible rat (F344) BMMs (Figure 1 , B and C). The water-insoluble MG132, however, is like the general caspase-1 inhibitor Boc-d-cmk, not suitable for in vivo usage. We therefore focused on the water-soluble proteasome inhibitors bortezomib and salinosporamide-A (NPI-0052), which have been widely used in animals and humans. [37] [38] [39] [40] Bortezomib and NPI-0052 effectively blocked cytolysis in primary F344 BMMs at significantly lower concentrations than MG132 ( Figure  3A ). NPI-0052 was particularly potent, protecting macrophages at concentrations 100 times lower than MG132 and approximately 20 times lower than bortezomib (Figure 3A) . These findings suggest that proteasome inhibi- We next tested whether the proteasome inhibitor NPI-0052 blocked LT killing of F344 BMMs by directly targeting caspase-1. As suggested for MG132, 7, 15 NPI-0052 (and the caspase-1 inhibitor Boc-d-cmk) efficiently prevented processing and release of mature IL-1␤ in LTtreated F344 macrophages ( Figure 3B ). However, NPI-0052 did not prevent caspase-1 activation and cytolysis of F344 BMMs mediated by the Nalp3-inducers LPS and nigericin ( Figure 3B ). Using an in vitro IL-1␤ cleavage assay with recombinant caspase-1, we found that NPI-0052 does not target caspase-1 directly ( Figure 3C ). NPI-0052 did not prevent IL-1␤ processing by recombinant caspase-1 in lysates from LPS-treated F344 BMMs ( Figure 3C ). As positive controls, we used the caspase-1 inhibitor Boc-d-cmk and the pan caspase inhibitor z-VAD-FMK, both of which blocked IL-1␤ processing (Figure 3C) . Taken together our data suggest that the proteasome inhibitor NPI-0052 does not directly block caspase-1 activation in F344 BMMs, but likely acts upstream in the formation or activation of the LT-induced imflammasome complex.
Proteasome Inhibitors Block LT-Induced Disease Progression in Susceptible Rats
We have demonstrated that proteasome inhibitors efficiently prevent caspase-1 activation and cytolysis of susceptible rat macrophages. We next wanted to know whether the water-soluble proteasome inhibitors bortezomib and NPI-0052 could also prevent caspase-1 activation and disease progression in LT-treated F344 rats. To evaluate the effects of proteasome inhibitors on LTinduced disease, we injected F344 rats intravenously with bortezomib or NPI-0052 60 minutes before challenge with a lethal dose of LT. All (100%) of the control F344 rats challenged with LT died within 80 minutes of LT challenge, with a median survival time of 60 minutes ( Figure  4A ). F344 rats challenged with LT in the presence of 1 mg/kg of bortezomib, however, survived more than twice as long, with a median survival time of 131 minutes (Figure 4A) . Strikingly, F344 rats treated with NPI-0052 plus LT remained alive throughout the duration of experiment, with 100% survival at 240 minutes after LT challenge ( Figure 4A ). Our finding that NPI-0052 was more efficient in blocking death in vivo than bortezomib was consistent with our in vitro data, showing that NPI-0052 was more efficient than bortezomib in blocking necrosis of F344 macrophages ( Figure 3A) .
We were unable to perform long-term studies with NPI-0052 in rats, as the proteasome inhibitor induced toxic effects in rats after 300 minutes (data not shown). Mice, however, show significantly fewer side effects than rats following NPI-0052 challenge (S. Neuteboom, personal communication). We therefore challenged LT-susceptible BALB/c mice with LT in the presence and absence of NPI-0052. NPI-0052 showed no toxicity in the inhibitor-only group for the duration of the assays (6 days; Figure 4B ). NPI-0052 shifted the survival curve of LT-treated BALB/c-treated macrophages by approximately 48 hours ( Figure 4B ). NPI-0052 treatment of LT-treated BALB/c mice increased survival by approximately 20%, whereas no animal survived in the LT only group ( Figure 4B) .
To analyze the apparent rescue by proteasome inhibitors, we examined several key parameters associated with vascular collapse, such as pleural effusions, pulmonary edema, and hemoconcentration in F344 rats challenged with LT in the presence of NPI-0052. LT challenge alone caused massive hemoconcentration in F344 rats, with an average hematocrit of 80% 70 minutes post-LT injection, compared with the 50% hematocrit measured in untreated (PBS) animals ( Figure 5A ). NPI-0052 prevented the LT-mediated increase in hematocrit in F344 rats (Figure 5A ). Rats that received either vehicle only (data not shown), NPI-0052 alone, or NPI-0052 in combination with LT showed hematocrit levels consistent with those found in control animals ( Figure 5A ). Significant pleural effusions (1.5 ml) were collected from the pleural cavities of F344 rats challenged with LT, whereas less than 0.01 ml fluid was recovered from untreated control or (NPI-0052 Ϯ LT) treated rats ( Figure 5B ). In addition, we observed significantly increased lung weights in LTtreated F344 rats, consistent with severe pulmonary edema ( Figure 5C ). Left lungs were over 1.7 g in LTtreated rats, compared with 0.4 g in untreated rats (Figure 5C ). Massive and widespread pulmonary edema in the lungs of LT-treated rats was confirmed by histology ( Figure 5D ). Lung weights from F344 rats challenged with LT in the presence of NPI-0052, however, remained on par with control animals, and histological examination revealed no abnormalities, confirming the absence of pulmonary edema in rats challenged with LT and NPI-0052 ( Figure 5, C and D) . As expected, no increase in hematocrit, no pleural effusion, and no changes in lung weight were observed in LEW rats up to 12 hours post-LT exposure (data not shown). Taken together, our data indicated that proteasome inhibitors block all signs of cardiovascular failure in LT-treated F344 rats.
LT Induces Caspase-1 Activation and Macrophage Depletion in F344 Rats
As LT killing of F344 macrophages is caspase-1-dependent, we tested whether caspase-1 activation and macrophage depletion also occurred in vivo in rats challenged with LT. As an indicator of caspase-1 activation in vivo, we measured levels of the caspase-1 substrate IL-18 in the serum of LT-treated rats by using a Luminexbased cytokine multiplex assay. 41 Of the cytokines tested, only IL-18 was increased in the sera of LT-treated F344 rats ( Figure 6A ). The levels of IL-18 in sera from F344 rats increased with higher LT doses. NPI-0052 treatment prevented the IL-18 burst observed in F344 rats ( Figure 6B) , consistent with the ability of proteasome inhibitor to prevent caspase-1 activation in LTtreated macrophages ( Figures 1C and 3B) . No IL-18 burst was measured in resistant LEW rats (data not shown), consistent with a lack of caspase-1 activation in LT-treated LEW macrophages (Supplemental Figure  1A at http://ajp.amjpathol.org), and with the failure of Figure 5 . NPI-0052 treatment prevents vascular defects induced by LT in F344 rats. A-C: F344 rats (250 to 300 g) were either mock injected with vehicle and PBS (control: N ϭ 5), vehicle and LT (N ϭ 9), NPI-0052 (N ϭ 6) and PBS, or NPI-0052 and LT (N ϭ 10). Moribund animals, present only in the LT only group, were sacrificed on loss of righting reflex; surviving animals were sacrificed four hours post injection. Blood was collected, and hematocrit measured (A). Clear pleural effusions were drained and quantified from opened thoracic cavities (B). Left lungs were removed, blotted on tissue paper, and weighed (C). D: Left lungs of untreated (PBS), LT-treated and LT/NPI-0052-treated rats were then preserved and analyzed for pulmonary edema by microscopy. Representative data are shown from at least three independent experiments. Scale bars ϭ 100 m. *P Ͻ0.05 for comparison with LT treatment alone. 2 resistant murine strains to mount a cytokine storm in response to LT. 21, 31 To assess the effect of LT on macrophage levels in vivo, we analyzed the splenic macrophage population in F344 rats treated with LT. We observed a greater than twofold reduction in splenic macrophages in LT-treated F344 rats, consistent with macrophage lysis in vivo (Figure 6, C and D) . Although the splenic macrophage population was reduced after LT injections, levels of LTresistant cell populations (eg, T cell lymphocytes) did not change on LT exposure ( Figure 6D ). Consistent with our findings demonstrating that proteasome inhibitors blocked LT killing of macrophages in vitro, NPI-0052 treatment also prevented macrophage depletion in LTtreated F344 rats. As predicted, macrophage counts did not drop in rats challenged with LT and NPI-0052, compared with those treated with LT only, indicating that NPI-0052 prevents LT-mediated macrophage killing in vivo ( Figure 6E ).
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Taken together, our findings indicate that LT triggers caspase-1-mediated necrosis in susceptible rat macrophages. We demonstrated that proteasome inhibitors prevent LT-mediated killing of F344 macrophages, presumably by blocking an upstream event in caspase-1 activation. Proteasome inhibitors not only prevented macrophage killing by LT, but also significantly delayed LTinduced vascular collapse in susceptible mice and rats. These findings are consistent with the hypothesis that the pro-inflammatory protein caspase-1 contributes to rapid disease progression in LT-treated rodents, and that it is possible to pharmacologically control inflammatory diseases by targeting caspase-1 activation.
Discussion
LT Triggers Caspase-1-Mediated Necrosis in Susceptible Rat Macrophages
In mice, genetic backcrossing experiments have mapped the LT susceptibility locus to a dominant gene, the NOD-like receptor Nalp1b. 4, 29 Activation of Nalp1b results in caspase-1-mediated necrosis (pyroptosis) of murine macrophages. [5] [6] [7] 11, 14, 15 Nalp1b-mediated pyroptosis of murine macrophages is specifically blocked by caspase-1 and proteasome inhibitors. 5, 7, 15 Here we present evidence that LT also triggers caspase-1-mediated necrosis in susceptible rat macrophages. We describe that LT-treated susceptible rat macrophages also show signs of necrosis, and that proteasome inhibitors are able to block LT killing of rat macrophages. It has been previously demonstrated that a dominant gene controls LT killing of rat macrophages. 19 NLRs tightly control caspase-1 activation, and are the only known activators of caspase-1. Thus, based on the similarities between murine and rat macrophages, it is reasonable to assume that the rat homologue of the murine Nalp1b and caspase-1 control LT killing of rat macrophages.
Proteasome Inhibitors Block an Upstream Step of LT-Mediated Caspase-1 Activation
We have demonstrated that proteasome inhibitors block LT-mediated caspase-1 activation and necrosis of rat macrophages. Here we provide evidence that a novel proteasome inhibitor, NPI-0052, does not target caspase-1 directly, as the inhibitor fails to block recombinant caspase-1 and caspase-1 activation by Nalp3 inducers. 5, 15 As proteasome inhibitors do not interfere with LT uptake, 7, 15, 36 our findings suggest that the proteasome inhibitor NPI-0052 blocks a step upstream of caspase-1 activation, possibly by degrading a protective factor that inhibits activation of the Nalp1b inflammasome. This process appears to be NLR-specific, as these inhibitors prevent caspase-1 activation by LT (presumably Nalp1b), but not by Nalp3 inducers.
NPI-0052 is a new therapeutic proteasome inhibitor by Nereus Pharmaceuticals, and currently in stage 2 of clinical trials. It is bicyclic ␤-lactone ␥-lactam and thus differs significantly from peptide-based inhibitors currently available. The dipeptide boronic-acid-based inhibitor bortezomib, also used in this study, binds to the 26S-proteasome, and is highly effective in multidrug resistant cancers. NPI-0052 is a more potent inhibitor than bortezomib and also exhibits fewer side effects. Both inhibitors have similar IC 50s (5 to 10 nmol/L) in vivo (Nereus Pharmaceuticals).
Proteasome Inhibitors Delay Disease Progression in LT-Treated Rodents
As the single dominant gene that controls LT killing of rat macrophages also control LT susceptibility of rats in vivo, we hypothesized that the same factor controlled both processes. Thus, we examined whether caspase-1 activation also drives disease progression in rats challenged with LT. We found that the proteasome inhibitor NPI-0052 not only prevented LT killing of F344 macrophages but also increased survival of F344 rats after LT challenge. Susceptibility of mice to LT-mediated disease is much less tightly correlated to LT-induced cell death. However, a single bolus NPI-0052 treatment resulted in significant protection to susceptible (BALB/c) mice. NPI-0052 rescued 20% of LT-treated BALB/c mice, and extended survival of the mice by at least 2 days. The survival of BALB/c mice challenged with LT and NPI-0052 was similar to that obtained with "resistant" (C57BL/6) mice, which lack the susceptible Nalp1b allele and do not undergo caspase-1-mediated necrosis in response to LT. 6 It is possible that continuous dosing of NPI-0052, instead of a single bolus, would in fact result in further protection of LT-challenged mice.
It remains to be shown how caspase-1 activation contributes to LT-mediated disease progression in rats and mice. LT treatment of susceptible mice is known to result in a significant increase in serum levels of the caspase-1 substrates IL-1␤ and IL18. 30, 31 In fact, the cytokines are part of a broad cytokine storm in mice harboring susceptible macrophages, but not in those with resistant macrophages. 30, 31 As only a fraction of caspase-1 is generally activated under optimal conditions (in vitro) on stimulation of Nod-like receptors, we tested levels of the caspase-1 substrate in the serum of LT-treated rats. We detected increased IL-18 levels in susceptible, but not in resistant rats after LT exposure. Moreover, the proteasome inhibitor NPI-0052 prevented an increase in IL-18 levels and a drop in macrophage counts in LT-treated F344 rats. Increased IL-18 levels in the serum and macrophage depletion is consistent with caspase-1 activation in LT-treated F344 rats. Collectively, our findings suggest that activation of the inflammatory response, in particular of caspase-1, contributes to macrophage killing and disease progression in LT-treated susceptible rats and mice. Our results further point to a role for inflammatory mediators and cytokines in LT-mediated disease progression. 20 -22,42 
Conclusion and Therapeutic Potential of the Study
Caspase-1 is a pro-inflammatory protein that is involved in activating the innate immune response, and animals lacking functional caspase-1 are usually impaired in their ability to control a systemic infection by microbial pathogens. [43] [44] [45] Our findings, however, suggest that overstimulation or dysregulation of caspase-1 can also result in disease progression and vascular collapse. It is conceivable that macrophage necrosis results in the release of inflammatory factors that drive disease progression. It remains to be shown whether putative factor(s) released by necrotic cells are responsible for the systemic shock mediated by LT and other NLR inducers.
Our results showed that proteasome inhibitors were able to prevent/slow down both macrophage killing and vascular shock in rodents exposed to LT, presumably by preventing caspase-1 activation. The ability to delay or prevent LT-mediated disease progression in rodents is a novel application of NPI-0052, bortezomib, and proteasome inhibitors in general. It is possible that greater protection could be obtained with a combination of proteasome inhibitors, which have been shown to exhibit synergistic effects. 37 A combination therapy might protect at lower inhibitor concentrations with reduced side effects and improved safety profile. 37 To our knowledge, this is first study to demonstrate that it is possible to treat shock-like-syndromes by pharmaceutical inhibition of caspase-1. Proteasome inhibitors and other drugs targeting the inflammasome/caspase-1 may prove effective in treating NLR-associated inflammatory diseases. Given that many microbial pathogens including Bacillus anthracis trigger a shock-like syndrome, 46 therapeutic approaches that reduce inflammation might improve survival. Our findings indicate the therapeutic potential of drugs targeting the inflammasome for the treatment of inflammatory and microbial diseases.
